5. The presence of solvent and salt effects on 1. Iduronosyl anhydro1 l-3H]mannitol 6-sulphate (IMs), iduronosyl anhydro[ 1-3Hlmannitol, phenyl iduronide (Phl) and 4-methylumbelliferyl iduronide have been compared as substrates for the diagnostic estimation of a-L-iduronidase activity present in human leucocyte and cultured skin fibroblast homogenates. The pH profile of leucocyte and fibroblast iduronidase activity was dependent on substrate structure and concentration, the ionic strength and the nature of the buffer ion used in the assay mixture.
Introduction
The type I mucopolysaccharidoses, which include Hurler, Scheie, the presumed Hurler/Scheie compound and other mutant phenotypes, are rare autosomal recessive disorders caused by a deficiency in the activity of the lysosomal enzyme, cL-iduronidase (a-iduronide iduronohydrolase, EC 3.2.1.76). The presumed natural substrates in vim for this enzyme are the iduronic acid-containing glycosaminoglycans, heparan sulphate and dermatan sulphate. A defect in this enzyme results in generalized lysosomal accumulation and excessive urinary excretion of partially degraded heparan sulphate and dermatan sulphate [ll.
Hitherto the most commonly used substrate for the assay of a-L-iduronidase activity in vitro has been the synthetic phenyl sL-iduronide (PhI), colorimetry of the liberated phenol being the basis of quantification [2] . The assay procedure using cultured skin fibroblasts, amniotic cells and leucocytes is generally considered to be diagnostic for disorders resulting from a deficiency of a-L-iduronidase [3-51. A fluorimetric procedure based on the synthetic substrate 4-methylumbelliferyl a-L-iduronide (MuI) has also recently been reported and has been shown to be diagnostic for mucopolysaccharidosis types Radiolabelled substrates that closely match sections of the structures of the presumed natural substrates heparan sulphate and dermatan sulphate, iduronosyl anhydro[ l-3H]mannitol 6-sulphate (IMs), iduronosyl anhydro[ l-3Hlmannitol (IM) and iduronosyl anhydro[ l-3H]talitol, have also been used to assay EL-iduronidase activity
We now report a comparative study of the a-L-iduronidase activity in normal human leucocyte and cultured skin fibroblast homogenates measured with the substrates IMs, IM, PhI and MuI. IH, IS and I H/S [6-81.
[9-13 I.
Experimental

Materials
Normal fibroblasts and fibroblasts from various mucopolysaccharidoses patients were established in skin biopsies, maintained in culture, and used for the preparation of cell homogenates as previously described [ 
131.
Peripheral blood leucocytes were prepared from 10 ml of heparinized whole blood by sedirnentation in aqueous dextran (30 g/l); the final wash was with NaCl solution (0.15 mol/l) [131. Leucocytes or fibroblasts were suspended in aqueous Triton X-100 (1 g/l) at a concentration of 2 g of cell protein/l and were homogenized by freezing and thawing six times in a solid COJethanol mixture. Where indicated supernatant fractions were prepared by centrifugation of cell homogenates at 2000 g for 10 min.
PhI was a gift from Dr Bernard Weissmann (University of Illinois, U.S.A.). Mu1 was a gift from Mr E. E. Vickers (Koch-Light Laboratories, Colnbrook, Bucks., U.K.) and 4-methylumbelliferyl sL-idoside was kindly provided by Mr A. Smithson (Chemistry Department, University of Birmingham, U.K.). IMs and IM, specific radioactivity 493 Ci/mol, were isolated from an acid hydrolysate of iduronosyl 2-sulphate anhydro[ l-3H]mannitol 6-sulphate [ 
121.
General methods
High
Assay conditions for aL-iduronidase activity
All incubations were carried out at 37OC. Unless otherwise indicated in the text, the standard conditions described in relation to the final reaction mixture for each substrate were as follows.
PhI 1.5 mmol/l in 75 pl of sodium formate buffer (50 mmol/l) adjusted to pH 3.6 with formic acid; fibroblast cell protein 45 pg, leucocyte cell protein 240 pg. Incubation time was 6 h in each case.
Mu1 200 pmolll at pH 3.3 as previously described [81.
IMs 38 pmol/l in 12 pl of sodium formate buffer (50 rnmol/l) adjusted to pH 3 -6 with formic acid; fibroblast cell protein 4 pg, leucocyte cell protein 10 pg. Incubation time was 1 h and 2 h respectively. After incubation, the whole reaction mixture was subjected to high-voltage electrophoresis at pH 1.7 as described above. IM 38 pmol/l in 12 pl of sodium acetate buffer (50 mmol/l) adjusted to pH 4.7 with acetic acid; fibroblasts cell protein 10-24 pg, leucocyte cell protein 9-31 pg, incubated for 4 h in each case. After incubation, the whole reaction mixture was subjected to high-voltage electrophoresis at pH 5 -1 as described above.
Under these conditions the amount of substrate hydrolysed per minute is far from the maximum that would be observed under saturating substrate conditions. The advantage of using the low substrate concentrations is that a relatively high proportion of product is formed. 
Results
Dependence of a-L-iduronidase activity on pH Fig. l(a) and l(b) show the effect of pH on the hydrolysis of IMs by leucocyte and skin fibroblast whole cell homogenates. Two optima were observed for each cell type, one at pH 3.6 and the other at 4.1 in formate buffer. This finding has been repeated for leucocyte and skin fibroblast homogenates from two other individuals. A single pH optimum at approximately pH 4.0 was observed for IMs hydrolysis by leucocyte homogenates in dmethylglutarate b a e r ( higher and by other leucocyte supernatant preparations 130% higher in sodium formate buffer (2.5 mmol/l) than that observed with 50 mmol/l buffer. Two pH optima were also observed for IMs hydrolysis by both cell homogenate and supernatant leucocyte preparations in sodium formate buffer (2.5 mmol/l) mixtures. A single pH optimum at 4-5-4.7 with 3040% of the maximum activity at pH 3.4 and 5 -5 was observed in the acetate/formate buffer systems for IM degradation by fibroblast and leucocyte homogenates. Addition of NaCl (0.15 mol/l) resulted in inhibition of IMs and IM hydrolysis at all incubation pH values below 4.9. The shapes of the IMs and IM pH profiles were not significantly altered by the addition of NaCl ( Fig.   la and lc) . The pH optimum for IM hydrolysis by leucocyte homogenates in dimethylglutarate buffer was 4.2. Fig. l(d) shows the effect of pH on the hydrolysis of PhI, at a lower substrate concentration than that used in the standard assay mixture, by a-L-iduronidase in leucocyte whole cell homogenates in acetate and formate buffers. At least two optima were apparent at pH 3 -3 and pH 3-8. Addition of NaCl at 0.2 mol/l appeared to change the pH optimum to 3.8 by specific inhibition of the activity at pH 3.3 and stimulation of the activity at pH 4.0. For Mu1 the pH optimum was 3.25 with approximately half of this activity produced at pH 4.0 [81.
Dependence of a-L-iduronidase activity on protein concentration and time
Enzyme activity measured with IMs was proportional to leucocyte homogenate concentration in the range 2-20 pg of protein and leucocyte supernatant in the range 2-50 pg of protein per assay. The deviation from linearity above 20 pg of protein for the leucocyte whole cell homogenate incubation may be due to substrate depletion. Addition of NaCl to leucocyte homogenate incubations effectively reduced the enzyme activity and resulted in the extension of linear enzyme activity to at least 36 pg of protein per incubation. The activity of a-L-iduronidase in cultured skin fibroblast whole cell homogenates was also proportional to protein concentration in the range 1-5 pg per incubation. The deviation from linearity above 5 pg of protein may be due to substrate depletion. Addition of 35 pg of bovine serum albumin to each fibroblast homogenate incubation did not alter the effect of fibroblast homogenate concentration on a-L-iduronidase activity.
Degradation of IMs by fibroblast and leucocyte homogenates was linear for at least 3 h under conditions where the depletion of substrate was less than 50%. Hydrolysis of IM by leucocyte homogenates was linear for 4 h in incubations containing 26 or 69 pg of protein.
Kinetic constants
Apparent Michaelis-Menten constants for IMs, IM, Mu1 and PhI calculated from linear regression analysis of Lineweaver-Burk plots are given in Table 1 . Both fibroblast and leucocyte a-L-iduronidase had a K, value for IMs of from approximately one-third to one-tenth that for any of the three other substrates. The apparent K, for IM at pH 4.7 for leucocyte homogenates was 116 pmol/l, compared with 83 pmol/l at pH 3.6.
The apparent K, for IMs at pH 4 -1 was not different from the value obtained at pH 3.6. Table 2 ). These results suggest that both IMs and IM bind to the same site on a-L-iduronidase.
4-Methylumbelliferyl EL-idoside was tested as a substrate in place of Mu1 in the standard assay. The enzyme in leucocyte homogenate was found to have no activity toward the substrate analogue. In competitive inhibition experiments, 4-methylumbelliferyl a-L-idoside at a concentration of 0.4 mmol/l was found to have no inhibitory effect on the hydrolysis of IMs or MuI.
Effect of cations on a-L-iduronidase activity
The effect of bivalent cations on leucocyte homogenate and supernatant enzyme activity, assayed with IMs as substrate, was tested over the range 1-10 mmol/l. No attempt was made to remove residual cations that would be present in all homogenate and supernatant enzyme preparations. Under standard incubation conditions no requirement for, or inhibition of enzyme activity by, Zn2+, Mn2+, Mg2+, Ca2+, Co2+ or Fe3+ could be shown. Cu2+ and Hgz+ added at a concentration of 1 mmol/l reduced the enzyme activity in both leucocyte homogenates and supernatant to less than 2% of the control value. Rome et al. 1151 reported that a-L-iduronidase assayed with PhI was almost completely inhibited by Cu2+ at 1 mmol/l. The effect of of Cu2+ and Fe2+ on the hydrolysis of IMs by leucocyte homogenates is shown in Fig. 2(a) . The effect of sodium acetate at 10 mmol/l or NaCl at 20 mmol/l on the enzyme activity in leucocyte homogenates was negligible. Cu2+ is a potent non-competitive inhibitor of KBr, Na,SO,. Cu2+. IM a d methanol on leucocyte a d fibroblast a-L to replot the data shown in Fig. 2(a) . A similar K,
value (approximately 22 pmolll) was obtained by using the method of Hunter & Downs [171 to recalculate the data shown in Fig. 2(6) . The latter method confirmed that Cuz+ is a non-competitive inhibitor of occiduronidase by showing that K, was independent of substrate concentration. The K, value for Fez+ was 4 mmolh by using the method of %on 1161, the data shown in Fig.  2(a) and assuming that Fez+ is a non-competitive inhibitor of occiduronidase. Ag+, added to standard reaction mix at a concentration of 20 mmolh, inhibited the enzyme activity by more than 97% in both leucocyte homogenates and supernatant preparations, whereas PbZ+ added at a concentration of 3-3 mmolh had no effect on enzyme activity. and with (o-) cupric acetate (I mmolh) were incubated for 2 h at 37OC. fibroblast a-L-iduronidase were 5 1 and 13.4 mmol/l respectively.
The effect of increasing NaCl and Na,SO, concentration on the hydrolysis of IMs by leucocyte and fibroblast homogenates is shown in Fig. 3(a) and 3(b) . The plot of data obtained with increasing NaCl concentration is not a straight line, suggesting that the mechanism of chloride ion inhibition of IMs hydrolysis is not purely competitive. A plot of the K,/VmaX. ratio (calculated from the data in Table 2 ) against the concentration of anion at which each K,/VmaX. ratio was obtained gives a parabola. This suggests that chloride, bromide and sulphate ions are parabolic competitive inhibitors. That is, compared with simple linear competitive inhibition, the total exclusion of IMs occurs in a more complex situation wherein reaction of one molecule of anion at the active site of the enzyme can lead to the binding of a second anion so that both are involved in the exclusion of IMs.
The rate of an enzymic reaction can be related to the dielectric constant of the reaction medium 1181. The addition of methanol to a fibroblast homogenate incubation containing IMs altered the apparent K , and V,,,. values from 19 p o l / l and 465 pmol min-' mg-I respectively without methanol to 4.2 pmolh and 346 pmol min-I mg-' respectively with methanol ( Table 2 ).
Discussion
The observation that aGiduronidase has no action on, nor was it inhibited by, 4-methylumbelliferyl aL-idoside suggests that the aciduronoside carboxyl group is an essential requirement of any substrate for this enzyme. Further evidence for the existence of ionic binding of IMs to aL-iduronidase comes from NaCl effects on apparent K, values and were incubated for 1 h. increased breakdown at lower than standard buffer concentrations. If charge neutralization is significant in substrate binding, the addition of NaCl to the reaction medium might be expected to result in higher K, values. Increasing apparent K, values with increasing NaCl concentration were observed for all m-iduronidase substrates (Tables 2 and 3 ). Variation of inhibitor constant (K,) for NaCI, Na,SO, and KBr for IMs indicates that the degree of ionic interaction between eGiduronidase and its substrate decreases with increasing concentration of salt ( Table 2) .
Enzymic rate at low substrate concentration is related to the ionic strength of the reaction medium, as shown by the Debye-Huckel equation:
lOg(K,/K,)I = 10g(K,/Km)o + 1.018 ZAZB I* where zA and zB are the charges on the active site and interacting substrate respectively, I is the ionic strength, and (KZ/K,JI and (Kz/K,J0 are the second-order rate constants at ionic strength I and zero respectively [191. Thus plots of log(K,/ K,JI vs It should yield straight lines with slopes approximately equal to the valence factor zAzB 120, 211. By using apparent V,,,. values in place of K,, since the enzyme concentrations are unknown, this function has been plotted for IMs with the leucocyte enzyme in the presence of NaCl and the fibroblast enzyme in the presence of KBr (Fig. 4a) . From these and other data (not shown here) the valence factor for IMs is seen to be of the order -3 to -4, but for IM, PhI and Mu1 about -1 (Tables 2 and 3 ). Although these values can be regarded only as approximations, the directions of the effects indicate that charge neutralization occurs when these substrates interact with aL-iduronidase. Further, the zAzB values suggest that two ionic sites are involved in the binding of IMs to the enzyme whereas just one is involved in the binding of IM, PhI and MuI. It is therefore postulated that one cationic site on the enzyme binds the ionized iduronic acid carboxyl group which is common to all four substrates and that another cationic site on the enzyme binds the sulphate group of IMs.
As Tables 2 and 3 . A specific NaCl effect is unlikely, since similar effects have been found with KBr. Therefore it appears that the NaCl and KBr effects are largely a primary salt effect. On the other hand it does seem possible that the major effect of Na,SO, on IMs binding to enzyme is the result of a specific sulphate ion effect. Beside potent inhibition of IMs hydrolysis by sulphate (Table 2) , data in support of this proposal come from the effect of NaCl on Na,SO, inhibition of IMs breakdown. In the presence of sulphate and at low concentrations of NaCl the valence factor zAzB should approach -1, whereas at high concentrations of NaCl the valence factor should approach -4, if chloride (and formate buffer) ions compete by non-specific ionic binding w i t h and presence (o---o) of Na,SO, (0.5 mmol/l).
the specific binding of both sulphate and IMs to a specific ionic site on aciduronidase. The data shown in Fig. 4(b) are consistent with this model in that the presence of Na,SO, results in the non-linear regression of the plot of log(K,/K,), vs @ at low concentrations of NaCI. The valence factor obtained for IMs in the absence of Na,SO, (Fig. 4b) is approximately -3.2. It is therefore proposed that the sulphate ester group on IMs and sulphate ions bind to the same specific cationic site on the enzyme aciduronidase. It must be emphasized that all of our data are derived from incubations with whole cell homogenates and it is most important to repeat these studies with purified enzyme preparations.
Laidler [ 181 derived an expression relating the rate of an enzymic reaction, under conditions of low substrate concentration, to the reciprocal of the dielectric constant of the reaction medium.
Although the data obtained are limited to two points, a plot of In K , against the reciprocal of the dielectric constant of the reaction medium yields a line with a positive slope. The positive sign of this slope indicates that charge neutralization with a concomitant release of bound water molecules probably occurs when IMs binds to the enzyme.
The relative constancy of V,,,. throughout both the ionic strength and dielectric constant experiments with IMs suggests that neither charge neutralization nor charge separation can be a highly significant factor in the rate-limiting step at maximum velocities.
There are now several described variants of other lysosomal enzyme deficiencies, in which enzyme activity against synthetic substrates may result in diagnostic anomalies when compared with activity obtained with substrates which appear to conform closely with the presumed substrates in uivo. It is therefore important to use substrates wherever practicable that match as closely as possible the structure of the substrate in uivo. For example, there are normal adults who are totally deficient in hexosaminidase A activity (Tay-Sachs' disease) when assessed with the artificial 4-methylumbelliferyl substrate but who exhibited near normal enzyme activities when the radiolabelled natural GM, ganglioside was used as enzyme substrate [221. On the other hand, in a patient with Gaucher's disease, described by Ben-Yoseph & Nadler [231, the disease could not be diagnosed enzymically in liver and leucocytes with artificial 4-methylumbelliieryl Pglucoside substrate as normal or near-normal activity was found in both cell types. However, in contrast, by the use of natural substrate glucocerebroside Bglucosidase deficiency was detected. Approaches using substrates that fail to match the structure of the natural substrate may not be reliable for quantifying deficiencies that result when the mutant enzymes have an altered substrate specificity. We have presented evidence suggesting that a sulphate ester group on the adjacent residue to the atiduronide under attack plays a role in the interaction of aciduronidase with its substrate. 
